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論文内容の要旨
Chapter 1. General introduction
Fisheries stock assessments produce estimates of
stock abundance to provide fisheries managers with
advice on the relative merits of alternative manage-
ment strategies (Hilborn and Walters, 1992 ; King,
2007). In the recent development of fisheries stock as-
sessment modeling, stock dynamics have been esti-
mated through integrated analysis using multiple
data sources simultaneously (Maunder and Punt,
2013). The amount of information on a stock in each
dataset is therefore important in achieving reliable
estimates of stock dynamics. Given the limitation on
sampling resources, optimization of sampling is es-
sential to obtain informative data.
In integrated analysis, weighting factors assigned to
each dataset are important because they affect the
model outputs (Francis, 2011). Since reasonable weight-
ing factors should be determined based on the amount
of information in each dataset (Shibano et al., 2016), it
is necessary to conduct an objective evaluation of the
amount of information that the datasets provide.
Catches, along with abundance indices, generally
provide direct information on the trends and scale of a
population (Magnusson and Hilborn, 2007). Length
composition and tagging data can reveal changes in
population structure, growth, natural mortality, and
recruitment (Chen et al., 2003 ; Magnusson and
Hilborn, 2007). Length composition data in particular
is a source of indirect information on stock abundance
(Folmer and Pennington, 2000).
Most of the length composition data is obtained
through port samplings (ICCAT, 2006), and the
sampling structure results from a two-step process :
(1) catching fish from the population at sea, and (2)
collecting samples from the landing. This type of
selection is called cluster sampling, and it is known
that the amount of information obtained this way
decreases due to the homogeneity of fish lengths
within each cluster (Cochran, 1977). Considering this
structure, the homogeneity of fish lengths within a
landing is essential for sampling optimization. For
example, since longliners catch non-schooling fish in
one operation, the range of fish lengths is relatively
wide. Purse seiners, on the other hand, catch rela-
tively small schooling fish whose lengths are highly
homogeneous. Given the considerable variation in the
lengths of fish taken from different schools, even if the
same total sample size is to be measured, increasing
the number of landings while reducing the sample size
per landing should lead to more reliable estimates
(ICCAT, 2006).
The amount of information in a length composition
dataset should be measured from the viewpoint of how
exactly the dataset describes the true length composi-
tion of an exploitable stock which is accessible to a
fishery, and the multinomial likelihood function is
frequently used as a measure (e.g., Methot andWetzel,
2013). In likelihood methods, the true length composi-
tion must be known, and this is possible through com-
puter simulation. Unfortunately, however, it is never
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known in practice. Effective sample size (ESS ; Pen-
nington and Vølstad, 1994 ; Pennington et al., 2002) is
a measure of an amount of information, which is an
estimate of the number of fish randomly sampled to
obtain the same accuracy and precision of the mean
length estimated from actual samples. The method to
estimate ESS presented by Pennington et al. (2002)
was focused on in this study because it can be applied
to a raw survey or fishery length composition data
without information on the true length composition. If
ESS can be used as an indicator of likelihood, it would
be helpful when determining weighting factors for
length composition data. However, the uncertainty of
ESS is expected to increase when sample sizes are
small, and this uncertainty will invalidate the ap-
propriate use of ESS as an indicator of likelihood.
This study was conducted assuming actual length
sampling at a purse seine fishery in the Sea of Japan
(PS-SoJ) targeting Pacific bluefin tuna (PBF) and a
Hawaii-based longline fishery (HL) targeting sword-
fish. The objectives were (1) to clarify the relationship
between likelihood and ESS, (2) to investigate the
minimum number of landings and sample size per
landing required to ensure the relationship, (3) to
explore efficient sampling methods to improve the
amount of information, and (4) to suggest methods of
applying ESS to weighting factors for length composi-
tion data used in the actual integrated analysis of
PBF.
Chapter 2. A simulation study of the relation-
ship between sampling methods and amount of
information
A virtual fishery and sampling model was developed
to imitate the actual process from catching fish to
collecting samples from a landing. Based on the
length composition data from PS-SoJ, an infinite
population was simulated as the exploitable stock.
The length composition of fish was assumed to be
determined as the joint distribution of the exploitable
stock and age/length selectivity. Five selectivity sce-
narios were set to mimic the actual fishing methods.
Model configurations, representing the number of
landings from which samples were drawn and the
total sample size, were set over a range from the
minimum number of samples required to calculate
ESS to the maximum number in the current sampling
methods at PS-SoJ and HL. The sample size per
landing was determined as the total sample size
divided by the number of landings. In each trial, the
amount of information in data obtained from a
simulated stock was evaluated by likelihood assuming
multinomial probability and ESS. The trial was re-
peated 1,000 times in each scenario. The central
tendencies of each likelihood and ESS were observed
using the medians, and the uncertainty of ESS was
measured using the IQR divided by the median
(standardized IQR) of the 1,000 runs of the trial.
In the results, 6 or more landings and sample sizes
of 2 or more per landing seemed to be the thresholds at
which positive correlations of LL and ESS could be
ensured under the situations considered here. The
uncertainty of ESS was small with 6 landings. These
results indicate that ESS can be appropriately used as
an indicator of the amount of information when the
sampling methods met the thresholds. When the SDs
of selectivity were small, increases in the number of
landings improved the amount of information more
than simply increasing the sample size per landing.
When the SDs of selectivity were relatively large,
however, increases in the number of landings scarcely
contributed to the amount of information.
Chapter 3. An application to actual length sam-
pling
The approach detailed in the preceding chapter was
applied to actual length composition data of PS-SoJ
(1987-2012) and HL (2005-2012) to suggest efficient
sampling methods for each fishery. Since the exploit-
able stock is unknown, the overall length composition
of the fish landed in a year (estimated as the sum of
length samples in each landing weighted by the
number of fish in the landing) was assumed as the
exploitable stock to calculate likelihood. The landings
were randomly resampled with replacement retaining
the original length composition. The number of land-
ings scenario and the total sample size scenario were
set following those in Chapter 2. The sample size of
each landing was determined as the total sample size
divided by the number of landings. The trial was
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repeated 1,000 times in each scenario, and the results
were compared to those in Chapter 2.
In general, the results showed that ESS could be
appropriately used as an indicator of likelihood with 6
or more landings and sample sizes of 2 or more per
landing across the length samplings of both PS-SoJ
and HL. At PS-SoJ, the relationship between sam-
pling methods and likelihood was similar to the re-
sults of selectivity with a relatively small SD, and in-
creasing the number of landings was a more efficient
way to obtain a higher amount of information. At HL,
although the average range of fish lengths within each
landing was wider than at PS-SoJ, the relationship
between sampling methods and likelihood was similar
to the results obtained from selectivity with an ex-
tremely small SD. This finding indicates that the
contribution of the number of landings to the amount
of information in the sampling was greater at HL than
at PS-SoJ. At HL, most landings consisted of larger
fish and only a few comprised smaller fish. Increasing
the number of landings from which samples are drawn
seems to be necessary to cover the landing patterns of
both small fish and large fish.
Chapter 4. Optimal sampling method to obtain a
specific target of accuracy and precision : a case
study of a purse seine fishery in the Sea of Japan
From 2004, new vessels entered the PS-SoJ fishery
and the annual number of landings increased, re-
sulting in an increase in the annual total sample size.
This placed a heavy burden on port samplers. Opti-
mization therefore became a necessity in length sam-
pling at this fishery.
In Chapter 3, it was shown that, with the current
annual numbers of landings (over 26) and the growth
in total sample size (from 2,328 to 20,603) since 2004 at
PS-SoJ, ESS could be appropriately used as a measure
of amount of information. The results in Chapter 3
also showed that increasing the number of landings
would be a more efficient way to obtain a higher
amount of information. If samplers desire to maintain
the current amount of information, reducing the sam-
ple size per landing would be a more recommendable
approach to optimization. Chapter 4 thus provides
more detailed and concrete suggestions for the opti-
mization of sampling that will continue to yield the
current amount of information for this fishery.
This study focuses on a simulation analysis that was
conducted where the upper limit of the sample size for
each landing was changed while the original length
composition and the original number of landings each
year were retained. The trial was repeated 10, 000
times in each scenario. The results showed that
reductions in the amount of information were small
when the upper limit was 50 or higher. However, the
cold storage capacity of the average vessel at this
fishery is limited to around 100 to 900 fish, depending
on the size of fish (TPFES and TIIT, 2010). If 50 fish
are collected from one landing, there is a possibility
that they will all be drawn from a single storage unit.
Whether the 50 fish will represent random samples
from the overall landing is dependent on how the fish
are unloaded. Considering the situation at this
fishery, an adequate upper limit of sample size for
each landing to cover multiple storage units would be
100.
Chapter 5. An evaluation of initial weighting
factors for length composition data used in in-
tegrated stock assessment models
In stock analysis using integrated models, weight-
ing factors of each likelihood component (e.g., for
abundance indices and size composition data) directly
affect the estimation of the model (Francis, 2011). Two
weighting factors are determined in stages : (1) the
initial weighting factor and (2) the adjusted weighting
factor that is used to maximize the sum of each like-
lihood component (Francis, 2011). The initial weight-
ing factors for length composition data are fixed, and
proportional values are assigned to the adjusted
weighting factor. The setting of the initial weighting
factor thus affects the stock assessment results
(Francis, 2011). In a stock assessment of PBF con-
ducted in 2012, point estimates of ESS were used as
initial weighting factors with an upper limit, and
conflicts were observed between the length composi-
tion data at the PS-SoJ fishery and the abundance
indices derived from other fisheries. After careful con-
sideration, the initial weighting factor for the length
composition data at PS-SoJ was reduced.
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This study provides further analysis of a procedure
for determining the initial weighting factor of the
likelihood component for length composition data at
PS-SoJ used in the stock assessment model for PBF.
First, ESS was estimated as an initial weighting factor
considering the inherent amount of information from
the length composition data in the context of cluster
sampling. Next, five scenarios were tested : (1) ap-
plying the method that was used in the stock as-
sessments in 2012, (2) applying the point estimates of
ESS without upper limits, (3) using the point esti-
mates of ESS except for highly uncertain years, (4)
applying the number of landings, and (5) setting equal
weights across all years. To suggest optimal methods,
the partial likelihood of the estimated key parameter
(i.e., virgin recruitment R0) was observed as an indi-
cator of the model fit for the tested scenarios.
In the results, the model fit improved in the scenario
where the point estimate of ESS except for highly
uncertain years was used. The difference in estimates
of spawner stock biomass between the current stock
assessment and the optimal method in this study was
2.3%. The differences between the statistical point
estimates of stock dynamics in each scenario would
have a significant effect on management considering
the current situation of PBF. A discussion on appro-
priate methods of setting initial weighting factors for a
variety of data conditions was also provided.
Chapter 6. General conclusion
Length sampling is fundamental to many aspects of
fisheries science and involves vast human and eco-
nomic resources. Without formal guidance on the opti-
mization of sampling, sampling methods in many
cases were determined from the viewpoint of cost and
did not necessarily result in the optimum allocation of
limited sampling resources among clusters, i.e., land-
ings or trips (Gerritsen andMcGrath, 2007). However,
data collection is becoming increasingly important,
and budget constraints are becoming stricter each
year. Optimization is essential for sampling to con-
tinue under such conditions.
Classical stock assessment methods (e.g., VPA or
production model) often use a two-step approach ; the
raw data are first summarized in a separate analysis,
often in the form of parameter estimates, and then
used when fitting the population dynamics (Maunder,
2004). Integrated analysis (e.g., SS3 ; Methot & Wetzel
2013), on the other hand, combines all available data
into a single model utilizing a joint likelihood for
observed data (Maunder, 2004). The amount of infor-
mation in an individual dataset thus has a direct
influence on stock assessment output (Maunder and
Punt, 2013), and sampling methods that can be used to
obtain informative data are desired (Ono et al., 2014).
In this study, the methodology to investigate opti-
mum sampling methods was described in a systematic
and theoretical manner. A fishery and sampling
model was constructed to imitate the actual process
from catching fish to collecting samples from landings.
The results indicated that efficient sampling methods
that contributed to the amount of information varied
with the assumed selectivity. This simulation method
of changing sampling factors was applied to actual
length composition data, and this method made it
possible to estimate the inherent selectivity of a
fishery. Knowledge of selectivity would be helpful in
the planning of appropriate sampling, and extending
this method to other fisheries could benefit the entire
field of fisheries science. This method can be applied
to surveys on fisheries stocks affected by sudden
events such as the 2011 Tohoku earthquake and
tsunami. Monitoring in such situations requires effi-
cient sampling methods with consideration given to
the characteristics of fish species landed at each port
(Shibano and Kanaiwa, 2014). Utilizing the simula-
tion method described in this study to consider
changes in the amount of information caused by
sampling methods would provide useful information
for planning surveys.
In integrated analysis, the determination of weight-
ing factors directly affects stock assessment results
(Francis, 2011), and correct relative weighting among
likelihood components is crucial to attain good model
performance and good estimates of the variances of the
model results (Methot and Wetzel, 2013). This study
examined performance when the point estimate of
ESS was set as an initial weighting factor except for
highly uncertain years. First, relative differences in
the amount of information between years were eval-
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uated by ESS. Next, concerning the method used to
determine an initial weighting factor that is appropri-
ate for the length composition data, the influence on
the model fit in each scenario was investigated
through a simulation analysis by setting five scenar-
ios, including a scenario that utilizes the method used
in the actual stock assessment. The results demon-
strated that the model fit improved in the scenario
where the point estimate of ESS except for highly
uncertain years was used, indicating the merits of
objectively evaluating the amounts of information in
various datasets. Extending the study to other fish-
eries and assessments would be helpful in setting
more reasonable weighting factors for each length
composition dataset.
Efficient sampling methods and appropriate evalua-
tion of amounts of information are common issues in
stock assessments at all fisheries. The methods pre-
sented in this study are expected to foster the de-
velopment of sampling techniques and reliability of
stock assessments.
審査報告概要
水揚げなどのクラスター単位で得られることが多い体
長組成データは水産資源量の動向を把握するうえで良い
指標の一つであるが，精度を適切に評価する方法が必要
とされる。尤度により精度の評価は可能であるが，入手
不可能な真の体長組成が必要となる。そこで申請者は，
真の体長組成が未知の場合にも算出可能であり，クラス
ターサンプリングを考慮した精度の指標である有効サン
プル数（ESS）に着目した。まず，クロマグロなどの体
長組成データを用いて，ESSを精度の指標として適用
できる条件を検討し，6回以上の水揚げから一回当たり
2匹以上の体長を計測することが必要であることを明ら
かにした。また，計測する水揚げ回数を増やすことが精
度の向上に寄与することを明らかとした。さらに，様々
なデータを実際の資源解析に用いる場合の ESSによる
各データの重みづけの手法を具体的に提案した。本研究
の成果は，魚類資源量推定の精度向上に大いに寄与する
ことが期待される。
よって，審査員一同は博士（生物産業学）の学位を授
与する価値があると判断した。
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